Porphyrin-functionalized reduced graphene oxide (RGO-TPP) was prepared by 1,3-dipolar cycloaddition reaction and characterized by Fourier transform infrared spectroscopy, Raman, ultraviolet/visible absorption, fluorescence, and transmission electron microscopy. At the same level of linear transmittance, RGO-TPP exhibited more enhanced optical nonlinearities than RGO and the pristineporphyrin, implying a remarkable accumulation effect as a result of the covalent link between RGO and porphyrin. The role of energy/electron transfer in the optical nonlinearities of RGO-TPP was investigated by fluorescence and Raman spectroscopy. All the results displayed that RGO can be covalently functionalized with porphyrins by the proposed approach.
Introduction
In 2010, the Nobel Prize in Physics was awarded to Geim and Novoselov because of their work on the isolation of a free-standing monolayer sheet of graphene [1] , which opened up a whole selection of properties on graphene ranging from enhanced electrical conductivity, mechanical strength, optical transparency and thermal conductivity, and so on [2] [3] [4] . Thanks to the extraordinary and superior properties, the grapheme has been acted as the building block of most graphitic materials and has attracted intense attention from both the experimental and the theoretical scientific worlds in recent years [5] . Just as with other allotropes of carbon, such as carbon nanotubes, the applications of graphene are limited by the poor solubility and processability as a result of the strong attractive van der Waals forces between grapheme nanosheets [6] . It is therefore very interesting to design and prepare graphene-based solution-processed organic/polymeric materials, due to its amenability to process in bulk-scale for the preparation of nanoscale hybrids, polymer blends and organic-inorganic nanocomposites, which are applicable in wide fields such as solar cells, optical sensors, and optical elements in lasers [7] . Remarkably, the hybrids are soluble enough to facilitate manipulation and solution studies in comparison with that of graphene [8] . Moreover, it can form donor-acceptor charge/electron-transfer complexes that bear great promise for major breakthroughs in converting solar energy into electricity, and also exhibit increased nonlinear optical (NLO) effects as potential optical limiting (OL) materials for the protection of human eyes and optical sensors [9] .
Porphyrins, which have a large delocalized conjugated π-electron system spread over the macrocycle ring, are an interesting class of materials for NLO investigations that are characterized by its strong nonlinear absorption over a broad range of the visible spectrum, long lived excited state lifetimes, and its outstanding thermal and photostability and singular physical properties [10] . In addition, the design potential of these materials provides an opportunity for fine tuning the linear and NLO performances and the OL response of porphyrin-based materials [11] . These features render them exceptional donor/antenna building blocks. Incorporating them into donor-acceptor systems with, for example, graphene oxide, single-walled carbon nanotubes and multiwalled carbon nanotubes, gives rise to species that have not only the intrinsic properties of nanostructured carbon allotrope-based materials and porphyrins, but also some functions as a result of the mutual π interaction between the carbon allotrope-based materials and porphyrins [12] [13] .
In this paper, our interest is to develop a porphyrin-reduced graphene oxide nanohybrid (RGO-TPP) as a NLO material having an effective OL response.
Unlike GO, which has chemical reactive oxygen-containing groups (carboxylic acid, epoxy and hydroxyl groups) at the edges or on the basal planes, and is a low electron/hole transporting material because of the disrupted sp2 bonding networks, the electron/hole transporting and electrical conductivity properties of RGO can be recovered following reduction and restoration of the π network [14] . Importantly, organic moieties can be chemically grafted to the surface of RGO with retention of the structural integrity of the RGO frame work in which there is no loss of electronic structure [15] . Nevertheless, up to the present moment, the functionalized graphene reported in the literature mainly concerns the chemistry of GO due to the presence of oxygen functionalities [12] 
Experimental Section

Materials and Methods
All reagents were chemical or analytical grade and deionized water was used for all experiments. Graphite powder was purchased from Qingdao Zhongtian Co. Ltd. Graphene oxide (GO) was obtained from graphite according to the Hummers method [16] , and dried for 6 days over P 2 O 5 before use. RGO was prepared by the reduction of GO with NaBH 4 as reductant in an oil bath at 80˚C for 10 h [17] . TPP was prepared according to the literature [18] . Functionalization of RGO with TPP (RGO-TPP): The 1,3-dipolar cycloaddition reaction employed to prepare the porphyrin-functionalized RGO nanohybrid was performed under N 2 atmosphere (Scheme 1). To a 50 mL three-necked glass reactor was added RGO (40 mg), TPP (35 mg), sarcosine (125 mg) and DMF (20 mL). And then, the mixture was allowed to reflux for 5 days under a blanket of N 2 . After termination of reaction, the flask was allowed to cool to room temperature while stirring was maintained. The resultant material was precipitated by addition of water. The crude product was collected by filtration through a 0.45 μm nylon membrane, washed with distilled water, dichloromethane and diethyl ether several times to remove excess TPP and other contaminants. The final product (RGO-TPP) was dried under vacuum at room temperature for 24 h.
Characterization
Fourier transform infrared (FTIR) spectra were recorded on a MB154S-FTIR spectrometer (Canada) with wavenumber ranging from 400 to 4000 cm for TEM imaging were prepared by placing a drop of a dilute dispersion of the as-prepared products on amorphous carbon-coated copper grids and then drying in air before transfer to the TEM sample chamber.
NLO Property Measurement
The open-aperture Z-scan developed by Sheik Bahae et al. [19] was carried out by using a mode-locked Nd:YAG laser of 4 ns pulse length at 532 nm with a repetition rate of 2 Hz. The laser beam was focused with a 40 cm focal length pla- 
Results and Discussion
FTIR Analysis
The evidence of successful functionalization following the covalent coupling of theporphyrinonto RGO via 1,3-dipolar cycloaddition reaction can be obtained from the FTIR spectra. As shown in Figure 1 , the FTIR spectrum of RGO is almost featureless, and the typical absorption bands of GO nearly disappeared, which is in agreement with previous observations [20] 
Linear Optical Absorption and Fluorescence Spectra Analysis
The fingerprint of RGO-TPP nanohybrid is its electronic behavior; the UV/vis absorption and fluorescence spectra are sensitive to the presence of donor/acceptor groups, which can alter the optical properties by both charge and/or energy transfer [24] . With regard to the presence of RGO we are interested in using good solvent (such as DMF) for RGO dispersion to compare the electronic properties of RGO-TPP with those of pure porphyrin. The UV/vis absorption spectra of the samples are shown in Figure 2 , where comparisons between pure porphyrinTPP and RGO-TPP hybrid can be seen. The electronic absorption spectrum of TPP is characterized by an intense Soret band at around 416 nm, together with four relatively weaker Q bands between 500 and 700 nm, which is in agreement with spectra of porphyrin analogues [25] . The RGO exhibits a broad absorption at 275 nm which is continuously decreasing to 800 nm. The broad absorption observed at about 325 nm in the spectrum of RGO-TPP was ascribed to the π-π* transition of highly delocalized π electrons due to the interaction between RGO and porphyrin moieties. In addition, similar to the porphyrin functionalized single-walled carbon nanotubes and multi-walled carbon nanotubes in previous literatures [13] [26], the intensity of RGO-TPP was diminished in comparison with that of TPP. These UV/vis findings attest the success of the attachment of porphyrin molecules on RGO, and may well suggest a notable electronic interaction between porphyrin units and the RGO sheet in the ground state happens (porphyrin is usually regarded as the electron donor, whereas the graphene sheets are regarded as electron acceptors) [15] . (Figure 3) , respectively, which originate from the S1-S0 transition [27] . However, following excitation at the same wavelength, the emission maximum of the RGO-TPP hybrid exhibits a 93% quenching of fluorescence emission when compared to TPP with an equal absorbance, which implies an intimate proximity between RGO and TPP as well as their subsequently strong interaction. After photoexcitation, the intramolecular donor-acceptor interaction between the RGO and TPP moieties in the RGO-TPP hybrid may include a charge transfer from the excited singlet TPP to the RGO sheet, leading to the observed fluorescence quenching and energy release, which can be explained by the extended conjugated π-system of RGO and the porphyrin mediated by a through bond mechanism, because of the unique direct linkage mode of the two moieties [28] . In addition, the fluorescence emission of RGO-TPP must be from the porphyrin moieties due to the fact that the RGO does not show a fluorescence signal. 
Raman Spectroscopy Studies
Raman spectroscopy reflects the significant structural changes occurring during the chemical processing from RGO to RGO-TPP (Figure 4 ), which indirectly confirms the success of the reaction. Upon excitation with 532 nm laser, the Raman spectra of all samples clearly display the D and G modes, corresponding to the structural defects (disorder-induced modes) and the first-order scattering of the E2g phonons in graphite sheets, respectively [29] . The D band usually was used to monitor the process of covalent functionalization, which transformations sp2 to sp3 sites, while the G band and the ID/IG ratio (the intensity ratio of the D and G band) were utilized to estimate the level of chemical modification , respectively, with an ID/IG ratio of 1.24.
Microscopic Analysis
Investigations have revealed that covalent functionalization of graphene sheets with the conjugated molecular systems can form structures with different morphologies [33] . Here we investigated the morphologies of RGO and RGO-TPP by the TEM. The TEM samples were prepared by casting a drop of sample solution onto a clean amorphous carbon-coated copper grid. From the TEM image of RGO ( Figure 5(a) ), the presence of transparent few-layer graphene flakes can be observed. Compared with RGO, the RGO-TPP nanohybrid exhibits an obviously different morphology ( Figure 5(b) ). An efficient overlapping is achieved, which in some cases lead to the formation of isolated hybrid struc- 
Nonlinear Absorption Performance
Due to the efficient energy/electron transfer upon photo-excitation and the ex- lead to reverse saturable absorption response in optical limiting [38] . In addition, rapid absorption of laser energy by the organic dye and efficient energy/electron transfer to RGO can result in the ionization of RGO nanosheets, which forms rapidly expanding microplasmas and solvent bubbles [9] . These microplasmas and solvent bubbles can scatter light from the transmitted direction, resulting in a decrease in the measured transmitted light energy. The efficiency of nonlinear scattering is mainly dependent on the clusters formations and the skeleton structure of the investigated materials [31] . The donor-acceptor system may facilitate formation of microplasmas due to the hyperpolarizabilty effect.
The third-order nonlinear optical absorption of the prepared materials was determined by the open-aperture Z-scan method at 532 nm with 4 ns laser pulses. The samples were dissolved in DMSO with a linear transmittance of 71%. The open aperture Z-scan measures the normalized transmittance of the samples as it translates through the focal point of the laser pulse. At the focal point, the sample experiences maximum laser intensity, and the intensity decreases on moving away from the focus. As the sample is brought to the focal point, the nonlinear response increases and the normalized transmittance changes because of reverse saturable absorption, saturable absorption and nonlinear scattering. Figure 6 gives the Z-scan results of the normalized open aperture transmittance as a function of z for the prepared materials. As can be seen, the obtained open aperture Z-scan for RGO using 4 ns laser pulse was found to exhibit a transmittance maximum, indicative of saturable absorption behavior [39] . However, upon excitation with 4 ns laser pulses, other two materials (TPP and RGO-TPP) exhibit an inverted bell shaped transmittance valley, indicating the presence of nonlinear absorption (reverse saturable absorption) in both samples. The increase of the nonlinear optical absorption of RGO covalently functionalized with porphyrin is obviously larger than those of the individual TPP and RGO. Remarkably, the RGO-TPP has the largest dip among the transmittance curves of the studied materials [40] . This result indicates that the RGO-TPP nanohybrid has a strong nonlinear absorption; it may therefore be a promising candidate for use in optical limiting compared to the individual components (RGO and TPP) of the nanohybrid. Three mechanisms have been suggested to contribute to the nonlinear optical absorption properties of RGO nanohybrid functionalized with nonlinear-optically active chromophore: reverse saturable absorption from porphyrin, nonlinear scattering from RGO, and photo-induced energy/electron transfer from porphyrin to RGO [41] . Similar results have been observed for the nanohybrid materials of carbon nanotubes with porphyrins [42] . Comparing the nonlinear optical response of the as-prepared nanohybrid and the GO composites with metal and metal free porphyrins [12] , it can be seen that the RGO-TPP possesses smaller optical nonlinearity, but different nonlinear mechanisms are believed to be responsible for the observed nonlinear performances, rendering further comments unwarranted. Materials Sciences and Applications 
Conclusion
In conclusion, we have reported the first covalently bonded and organic soluble RGO nanohybrid with porphyrin through free radical polymerization. The results of FTIR, UV/vis, Raman, and TEM confirm the successful fabrication of RGO-TPP nanohybrid material. For the donor-acceptor system, the fluorescence of TPP is effectively quenched by a possible photo-induced electron/energy process. As expected, upon excitation by a 532 nm laser of 4 ns and 21 ps pulses, RGO-TPP exhibits a more increased nonlinear optical absorption performance than those of individual RGO and TPP, which can be attributed to a combination of mechanisms in RGO-TPP hybrid. These results prove that the RGO-TPP nanohybrid with the unique structure and excellent electronic properties should be a good candidate for optoelectronic and nonlinear optical device applications when compared to the TPP counterparts.
